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A procedure is described for the preparation of stable 
phycobilisomes from the unicellular cyanobacterium 
Synechococcus sp. 6301 (also known as Anacystis nidu- 
lans). Excitation of the phycocyanin in these particles 
at 580 nm leads to maximum fluorescence emission 
from allophycocyanin and allophycocyanin B, at 673 
nm. Electron microscopy shows that the phycobih- 
somes are clusters of rods. The rods are made up of 
stacks of discs which exhibit the dimensions of short 
stacks made up primarily of phycocyanin (Eiserling, F. 
A., and Glazer, A. N. (1974) J. UltrastrucL Res. 47, 
16-25). Loss of the clusters, by dissociation into rods 
under suitable conditions, is associated with loss of 
energy transfer as shown by a shift in fluorescence 
emission maximum to 652 nm. Synechococcus sp. 6301 
phycobilisomes were shown to contain five nonpig- 
mented polypeptides in addition to the colored subunits 
(which carry the covalently bound tetrapyrrole pros- 
thetic groups) of the phycobiliproteins. Evidence is pre- 
sented to demonstrate that these colorless polypeptides 
are genuine components of the phycobilisome. The non- 
pigmented polypeptides represent -12% of the protein 
of the phycobilisomes; phycocyanin, -76%, and allo- 
phycocyanin, -12%. 

Spectroscopic studies show that phycocyanin is in 
the hexanier form, (a^)6, in intact phycobilisomes, and 
that the circular dichroism and absorbance of this ag- 
gregate are little affected by incorporation into the 
phycobilisome structure. 



The phycobiliproteins are a group of homologous light- 
harvesting proteins which carry covalently linked tetrapyrrole 
prosthetic groups (1). These conjugated proteins represent 
the major light-harvesting components of Photosystem II in 
cyanobacteria (blue-green algae) and red algae. There are four 
spectroscopically distinct major classes of phycobiliproteins: 
phycoerythrins (X^ax, --565 nm), phycocyanins (A„,ax. -620 
nm). allophycocyanin (Xmax, '^650 nm), and allophycocyanin 
B (Amax, -670 nm). In uivOf the phycobiliproteins are assem- 
bled into particles, phycobilisomes, attached to the outer 
surface of the photosynthetic lamellae (2). Phycobilisomes 
have been isolated both from cyanobacteria (3) and red algae 
(4, 5). Such preparations have been examined by electron 
microscopy, but the.information on the details of their ultra- 
structure is limited (4-6). 

Phycobilisomes were reported to consist solely of phyco- 
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biliproteins (3, 7). However, recently Tandeau de Marsac and 
Cohen-Bazire (8) demonstrated the presence of several color- 
less polypeptides in phycobilisomes. The validity of thus ob- 
servation has been challenged by Gantt (9) and by Morschel 
et al (5). 

Spectroscopic studies on intact ceils demonstrated that 
energy absorbed by phycoerythrin is transferred to chloro- 
phyll a with an efficiency approaching 100% (10). In isolated 
phycobilisomes, the terminal energy acceptor, chlorophyll a, 
is not present, and energy is transferred to allophycocyanin B, 
i.e. excitation of phycoerythrin in these particles leads mainly 
to emission at -675 nm, the fluorescence emission maximum 
of allophycocyanin B (11, 12). The major energy transfer 
pathway indicated by numerous spectroscopic studies is; 

phycoerythrin —* phycocyanin — > allophycocyanin 
— » allophycocyanin B 

Phycoerythrin is present in some but not all cyanobacteria 
and red algae, whereas the other three pigments are invariably 
present. 

In this laboratory, we have chosen to characterize the 
phycobilisomes of the unicellular cyanobacterium Synecho- 
coccus sp. 6301 (Anacystis nidulans). This organism was 
selected for detailed study primarily because of its simple 
phycobiliprotein composition. Synechococcus sp. 6301 pro- 
duces only three phycobiliproteins, C- phycocyanin, aUophy- 
cocyanin, and allophycocyanin B. All three of these proteins 
have been purified to homogeneity and characterized with 
respect to subunit composition, prosthetic group content, ag- 
gregation behavior, and spectroscopic properties (13-16). 
Much of the sequence of the major phycobiliprotein, C-phy- 
cocyanin, from this organism is known (17, 18). 

In this report, we present data on the ultrastructure, fluo- 
rescence properties, circular dichroism, and polypeptide chain 
composition of the phycobilisomes of Synechococcus sp. 6301. 

EXPERIMENTAL PROCEDURES . 
Materials 

Density gradient grade sucrose and Triton X-100 were obtained 
from Calbiochem. Acrylamide (electrophoresis purity), NA'- methyl- 
enebisacrylamide, iV,iV,iV',N'-tetramethylethylenediaraine were pur- 
chased from Bio-Rad, and 2-mercaptoethanol from Eastman. Sodium 
dodecyl sulfate (specially pure) was obtained from BDH Chemicals, 
Ltd. All other chemicals were obtained from commercial sources and 
were of reagent grade. 

The molecular weights and sources of the polypeptide standards 
for SDS'-polyacrylamide gel electrophoresis were as follows: bovine 
pancreatic deoxyribonuclease I (31,000, Worthington), Escherichia 
coli alkaline phosphatase (43,000^ Sigma), yeast phosphoglucose isom- 



' The abbreviations used are: SDS, sodium dodecyl sulfate; Na-K- 
PO4, NaHaPO, titrated with K;jHP04 to a given pH. 
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eim (51,000, Sigma)/beef Uver^^^^ (60,000, General Biochemi- 
cals)i bovine serum albumin (66,000, MUes/Fentex). J?, cb/j fi-^tiic- 
tosidase (116,000, Boehringer). C-Pbycocyanin (a suburiit, 17,700; ^ 
subunit, 19,000) and aiiophycp^yanb^^^^ sufcunit, 17,600!;:^^^^ 
18,200) from Synj&e?idi6ccujs s^, ^i wei^t pr&psrfid as pj^^vioi^y 
d^ribed{13). 

Rabbit antiserum to S^nechqcoccus sp. 6301 aUophycocyanin was 
obtained as described: previously (19), A partially purified y-globulin 
fraction was obtained by fractional precipitation with ammonium 
sulfate (20) and was stored frozen in 0 01 M sodium phosphate, 0.15 
M N^rt::i, pH 7.5^ at --20*»e Imiriunodiffusib^ 
antibody preparation gave stroxi^ precipitin lines a^aii^t allophyco- 
cyanin and dissociate?! |>hy<»>bUisp]nes,^ but did not oroas^reaa: with 
C-phyc6cyahin, 

S^^nechococcus sp. 6301 was obtained from the Berkeley collection 
(21) and growii in 1-Uter cultiu^s of Medium BGrll (21). Cells were 
j3t>wn at'SO^'C iii wariii white light tO a density bf^iS to 

1.0 g, wet weight/iiter and used immediately after harvest: 

Methods 

Preparation o/PAyco6>7wom<es-— PhycobU^mes were prejpared by 
a procedure similar to that developed by Gray and Gantt (3) and 
inp<^ Tsuideau de Mai^c (8), AH buffers 

contained 10 ^ M 2-mer(^^ M;sodiuni azidi All 

procedures carriedc out.ai room tempera^ otherWisei 
specified 

Gelis were hajweste^ centrifxigatioh, washed twice in 0.65 m 
NaH2PG4/k2HP04 <Na-K-P04)^ buffer at pH 8.0, and resuapend^ in 
the sanie;biifc 0,i2;<g, wet weight/mt The 

misj^nsiori was^b^ 

20,006 p^i:v then incubated fe^^3^ (v/v) 
Triton X-1(X). Whole cells and membrane particles were subsequently 
renipyed by cehtrifugiation at 31,000 x g for 30 niin at IS'^C! Centrif- 
ugation led to the formation of a green membrane/detergent layer at 
tl^ top;6f an intensely blue layesr. The blue supernatant wiwf removed 
carefully, leaviiig behind the mfemb^ane/detfergent layer and a trace 
amount oftheblue supernatant on top of the pellet The specixum of 
Ujis: soluble: fraction, greatly enriched for phycocyanin, is shown in 
Pig. 1. Aiiqupts (1.1 mi) were layered onto sucrose step gradients 
consisting of 1.6, 3.0.3,0, 2.3; and 2J2 ml, of 2 A lA 0,75- 45, and XK25 
M>6lutior» of siicrosei respective pH 8A 

then centrifuged in a Spinco 4i i^ior jeit 24.000 ip^^ 
for. h ati8**C. Ilie phyc^^^ as a;d«ep blue 

Nii^, free^of <fet^ andJw^ t^icaily 

witJiih 6 h of ri^veiy to density gradients fot ei^e 

nuacps(^py and ^ec^ They were siable^ howeveri^for 

at least2 weeks, ^shbW^ 

as a concentrated solution dii^ctly from sucr^ gradiehts: : 

Polyacrylamid^GetE^^ 
(0.8 mm thick) was p<eiformed with; the dis^ buffer system 

of Laemmii (22) and ih^ iappaymtiis of Studi€rX2i3)^^ pr^I>a^ed 
by dilution of an aqueptis st»^ cpntaihiiig (w/V) acryl- 

amide andp,8% i(w/v) iyiiv^-niethyferiebis^i 

of 12% acrylamide, 0:375 m Tris-Cl (pH 8i), and ai% SlBs arid the 
steddngg^pf and^OJ^SDS 
weire po^^jn^nzed wittl ,/V,iy,N^,^^-tetrame^ylethy^^ 
ammonium persulfate. llie electrode buffer contaiined O OiSS M^^^T^ 
0.192 M glydne, and 0.1% SD3, pH 8:4. 

Samples were prepared by dilutinjg protein solutions to 0.6 to 1.0 
mg/ml with an equal volume of a dissobiatibn miirtiire containing 0.1 
M Tris^GI (pH 6:8), 2% SDS, 1 M#mercaptpethanoi, 15% glycerol, 
and 0.(K)4% brompheriol blue, then heated atLl^^ trhin. Pr^- 
ence of high concentrations in the sample led to splittmg of bands 
on the SbS geb, TTiis pheh^ may be related to the very low 

solubility of the jwta^mm ialt of SDS. Iii the case of solutions 
containing high concentrations of potassium salts, such as phycobili- 
some samples, glacial acetic acid was added to 10% by vc^ume. The 
acidified samples were diidyzed exhaustively kgairi^^^ 0. 1 i:? acetic acid, 
lyopbiUzed, and then dissolved in the dissociation miktuii at 1 mg of 
protpin/ml. This procedure was necessary because some cleavage 
(prpteolysis?) of high molecular weight phycobilisorhe; polypeptides 
was observed when phycobilisomes were dialyzed againysit^solii^ond of 
ipw ionic strength at neutraV^^^^ 

Ten niicroliters lO /Lig of prot^ein) of each sample were applied to 
the gel and electrophoresis performed at a corisUnt current of 30 mA. 
The gek were then stained successively for 1 h each in (o) 0:003% 
Copmassie Mliaht blue R^^^ 25%;2-propafw (6) 
0M3% Coomassie bnliiiant bltie. 10%'2^prppahol; 16% acetic aadi jc) 




Wbvei^hjgth (nm) 



Fig. 1. Absorption spectra of broken 'cell suspension after a lOOi ; 
fold dilution into 6:65 M Na-K-P04^ pH 8.0 (• ^), iaM theM^ 
supernatant fraction after a 46^fold dilution into the same buffer 
(- — )' The latter fraction was obtaiiied by incubatipnVOf the broken 
cell suspension in the presence of ISTrtionXrlOO fot^n^ 
by c^trifugation for 30 rtiiii at 31,606 X ^. 
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Fip; 2. Absorption: spesctmm p obtained 
as d^nbed :uhdeir "M pH Sp. Inset 

shows the profile of the siicir^e sUji giradient after c^ritrifu|ation cff 
the solubte supernatant |mcUpn di^ribed in the legend Xf> Fig. .1. 

tions* 

0.01%GcK)massie brpli^ 

with 10% acetic acid. Deiiatbmeter sea perfoi^^ m a- RFT 

Scanning Densitometer, model SSSO. For permaiient record, the gels 
were rinsed with d^tiiied; water ahd dn^^^ Sfa 3MlwI 

filter paper backihj^ in gel di^er; Bahdi contaimi^ 

than 0:X fig:yji prt^ie^ detected on gek tr^t^ in tl^ 

manneh. - - 

Spectroscopic Jlfed;suremeni5-^Ab$orp specba were reccird^ 
at rooni temperature with Beckma 25 recording spectropho^^ 

tometer; Gircular dichroism spectra were- determiiiiki with a Cary 
model 60 recording s;pectro|K)laritneter at a sample kbk)rba]hi:e ^ 
--1/cm at X^i Fluorescence em spectra were obtained on a 
Sjpe3c.f^ucHX)log recording spe^^ 

0.05 to: 0,1 at Am*.. The emission spectra and maxima have been 
corrected for the variation with wavelength in the sensitivity of the 
detectibh system. The relative sensitivity of the instrument was 1.0 at 
600 rim, 0.89 at620 rim, 0.67 at 640 nm, 0.55 at 660 nm. 0.44 at 680 nm^ 
0.37 at 70() nm, 0:32 at 720 nm, and 0.31 at 740 nm. . 

Phycobil^ome pjn^ determined: spectrppho- 

tometrically Using tix^ molai eictiikbttbn cd^flicient of hexaiiiwric C- 



Cyanobaeterictl Phycobilisomes 



8305 



phycpcyanin of Synechococcus sp. 6301 cm*'*' = 3.33 X 10^ m"' cm"' 
calculated for mi aj^ in^^^ weight of 36.700 (15)- C^PHycocyanin 
accounts for r!-76% of the phycobilisome weight; wkile alloph ycocy- 
anin represents -12%. From the known ratio of 3:1 of the extinction 
coefficients of phycbcyahin to iallophycocyanin at 621 nm, the cbntri- 
bution of phycocyanin to the phycobilisome absorbance at 6^1 nm 
\vas estiinated to be 95%. Phycobaisome. concentrations were calcu- 
iated from the C-phycocyariin concentration (ih; miUigirams/i^^ by 
dividing the latter value by 0;75. 

Trypsin Digestion pf Phycobilisomes— two parameters were fbl- 
lowed during ^ptic degradation of phycobilisomes, pfotebiysis of 
phycobilisome polypeptides (as revealed by SDS-polyacrylamide gel 
electrophoresis); ^d the change in the fluorescence emission spectrum 
which accbmpames (^ssoci^ pairticles; The reaction mix- 

ture (200 /aJ) contained 0:75 M*Ja'K-PO4, pH a0r^^^^^^^^ lO"*-^ 
M 2-mercaptoethanol;;and 600 jitg of phycobaisoraes. The reaction was 
started by the additibh bf 6^d of tryp^ { l /ig//d) and allbwcd 

to prbce^ at room temperature. Samples were removed periodically 
in duplicate for juialysiB. Samples for gels were prepared by diluting 
a. J5-^ reaction ]^ aliquot with an equal volume of SDS-bon- 
tainmg dissociation, mixture (see above) and heating for 1 min at 
100°C. Samples for fluorescence analysis were dUuted 1 to ^00 in 0 75 
M Na-KrPO^, pH 8.0, and emission spectra were determined within 2 
min, 

Electron Microscopy^?jc[vp\e grids were of 4b0-mesh copper, 
coated wth jPormyar by depositioh. of i stabilizing^ 

carbon; They:were bade hydrophilic by tireatniientifor 10 s to a glow 
discharge HIOOO V/cm j in a 70 to 80 milliton- partial vacuum^ l%e 
phycobi!iwme ;S^ in; appropriate buffers :to abbut% 

/4^mU . were- is»pp|bed; to; the specim^^^^^^ andraHoWed 
to remain for 30 s. The grids were then rinsed in :i()6 niM ammonium 
acetate, followed by rinsing in 10 n^M ammonium acetate, and stamihg 
in 0,5% aqueous uranyl acete^ Excess^ statin wak' rembi^ 
Pasteur pyjette . flame-drawn to a fine bore. In some cases» -the 
specimens were rotaj^-shadowed with tungsten (24), in whicb'case, 
the step involving the urahyl acetate stain preceded the;Lrinke in 10 
mM ammonium acetate/Micrographs were obtaiined with a'JEOL-lJtK) 
B electron microscoi^e - and by use of the method of minimi ;|t>ea^ 
exposure' (25)v. 

RESULTS 

Phycobiiispme C(mp0$iiion---lh^ vvere aim- 

lyzed by gel electrophoresis in tlie presence of SDS arid shcwii 
to conMn five "colorless" polypeptides m^^^ the 
colored tetrapyn'ole-bearmgsubunits of t^^ 
Densitometer, scans of gels stained with Cdoncia^ie brilliaiit 
blue indicated that jphycp<^anin accoi^ about; 76% of 
the protein, mth ailophycocyariin and the:coloriess proteins 
making up the remainder in nearly equal proportions (Eig; 3, 
and Table I). The bands originating from piiyco 



allophycocyanin in/the phycdbilisprne pattern were identified 
by cpmparispn with those derived from purified phycocyanin 
arid allbphycocyariin. As iUustrated in Fig. 04 , B^ds ^, 7c, 
and 8 correspond id those from phycocyanin^ while Bands 7a, 
7b, and the leading edge of Band 8, correspond with those 
from syaophycpcyanm. Bands 6 and 8 are the and a subunits 
•of Syihech6(^ccus sp, 6301 phycocyahih» with tnoleoil^ 
weights of 19,000 and 17,000, as determined previously by 
arninp acid analysis (14) and sequence determination (1^). 
Band 7c is a polypeptide also scfen in purified phycocyanin, 
and it may perhaps be a subunit of a minor species of phyco- 
cyanin previously not di^tected on SDSTpplyacrylamide gel 
systems of low^r reviving 8 and 7b repi'eseht 

the a and 0 subiuists of alldphyc^^ reported earlier to 
Jhave molecular weightejpf jt6,2(X) and I7i400:(19). The present 
study indicates somewhat Wgh weights of 17,600 

and 18,200 for these s^^ 3B>. Bknd 7a, pr^ht 

in aU phycobilisome gels £maiy^^ a component 

of dlbphycocyanin or the ^ subunit of aliophycpcyaiun B (iSi). 

Table i 

QuantUcUive malyavei of Synechoc^^ ^\ ^/ phycMlitifmie' 
polypeptides 

The Coomassie biueTStained Gel c of Fig; a4 waa scnrmecl at 600 
nm in an RFT- $cannmg Densitome^ with a slit Avidth of 5:0. mm 
and a Mii length pf a5:ihto 
is shown in Fig. ZB, 



tdetitificatklh bf phycbbiliprptein l^iid^^^ 







Protein 
content^ 
i%\>y 
weight) 


1 


75,000 


1.9 


2 


45.006 


04 


3 


33;0G0 


4.2^ 


4 


30,000^ 


1:9 


5 


27,000 


3.2 


6 


19,000 


38.2 


7a 


18,500 


%^ 


Tfe 


■18,200 


6,5 


7c 


17,900 


6.0 


8 


17,700 


34,1 



Shycocyanin j8 subunit; 
(AUopliycocyanin 7? s 
Allophy cocyanin ^ subunit 
(Phycocyanin a subunit) 
Phycocyanin t> siibunit and al- 
_^ lophycocyaniri a subunit 

" Band numbers coirespohd to those shbwri in Fig: 3B. 

* Numbers represent relative:area3: under the peaks in Pig. 3B; 

'Identified by companspn.with.phycocyanin^^^^^^ aUophycocyanin 
controls shown in Fi^ 3i4. Miiip^ phy(^bi1ipr^t^^ 
parentheses. 



(A) 



(B) 



G-Phycocydhin 



Trocking 




33 30 



19 \B2 17.7 



a b c d 
PBS. PC PBS AP 



Moieculqr Weight (x 10^^) 



FiCf, 3. i4, polyacrylamide gel electro- 
phoresis in the presence of SDS of (a) 
phycobilisomes (PBS), lb) phydodyaiiih 
(jPG), (c) phycobilisomes, and (rf) alio- 
phycocyanin iAP). B, densitometer 
sf^tis of Gels d in J^ctr-t^ A. 

Molecular weights of the phycobili^me 
components are indicated by the nuQi- 
bers atihe base of the scan^^ 
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The subunit molecular weights previously determihed for the 
laUer phycobiliprotfein were 16,000 and 17,000 (16). This pro- 
tein is present in fi very ^mdi 

gels is therefore difficult However, flubresbence eniissio 
studies Qii pur jphycohiliaome prepa^^ deraoMtratfel its 
presence. 

The molecular weights of the colorless polypeptides were 
determined by SDS-polyacrylamide gel electrophoresis on 
gels calibrated vyi th polypeptides of known molecular weight 
covering the :range: of 17,700 to ll!?,OO0i; The date on -the 
molecular weights and relative amounts of these compbrients 
are presented In Fig. 3B and Table 1. 

Seyeral lines of evidencasupport the view that the colorless 
polypeptides represent genuine structural components of phy- 
cobilisbmeis rather than a:d ventitious ^britaminahts: 

When phycpbiliispraes isolated from the 0.75 M region of 
sutTiose step gradients (described under "Met^ were 
diluted 4-f61d into 0.75; M i>ia-krPO^, pH 8.0j khd centrifiiged 
through a 10 tp 25% linear sucrose gradient iin th& j^^ 
a single blue band was pbteined containing each; cpnrippnent 
of the oiriginal phycobilisome fraction in nearly unchanged 
proportions (see Fig. 4B, Ge^ 

m 



^ 6 

:.£ 

2h 



mm 



io 



25 



50 



IB) 



ftl Antibody Solution 




0 b c 

Fro. 4. >l, liiiear sucrose density gradient profiles of phycobili- 
somes containing incfeaahg amounts of ariti-alJophycocyanin anti- 
body. Phycobiliisomes were prepared as described under "Methods" 
and diluted 1 to 4 in 0 75 m Na.K-PQj,, pH 8.0. and I-ml aiiqupts were 
mixed with the volumes of anti-aUophycocyahiri antibody solution 
indicated below each tube. Samples were applied to 10 to 25% linear 
sucrose ;density gradients in the same buffer, and after a 3();min 
incubation, were centrifuged in a SW 4r rotor at 24,000 rpm (98.000 
x ^) for 13 h at IS^C. B, SDS-polyacrylamide gel electrophoresis of 
B^nd$ a, 6. and c. identified in Par/ i4. The ar^pu^ points to the band 
reipresehtihg thef heavy chain of the anti:allophycocyanih ahtibbdyi 



of phycobQisomes isolated in a totaliy different buffer system 
(0,8 M sodium sulfate, 0.05 M TSris-Cl, pH 8 0) was the same as 
that of the partiides isolated in; 0.75 m Na«k-F04, pH 8.0. 

The.availiabiiity of hig^^ an- 
tibodies ^yas exploited in anpthc^ question. 
Antibody elicited against adlophycocyanin was added to an 
excess of phycobilisomes to form a soluble antibody- 
phyc6bili.some corhplex^ separable from phycobilisomes on: 
sedimentaticjn in sucrose density gradients^^^^ this experiment, 
different aonpunts of £mti>ajy[pphycpcyjMun antibody were 
mixed with a phycobilisome sarapfe^^^ for 30 mih 

prior to ceritrifiigatipn on a 10 to 25% linear sucrose density 
gradient. As shown in Fig. three bands appeared after 
centrifugation, cofisistiihg of (i) a slow sedimenting band of 
dissociated phycpb^^ a phycobilisome band 

which sedimented: at t^ saine rate as untreated phycqbili* 
somes; and (iii) a band pf^antibpd^^^^ complex 
which sedirhehted si^^ than the' control phy- 

cpbilisbme;:bahd; The band of antibody ^phycobiiisome c^ 
plex decreased in intensity as the amount of antibody solution 
added was increased from 10 tp 50 /il/tube» concurrently with 
an increase in the ahipijht of material in the pellet {Fig. 4A). 
The material in the band of amtib^ • phycpbilispme complex 
(iPig. 44, tube 2, Band b) was compared with Uiat in Bandi 
and in thie' coht^l sample^ tiibe 1, Band c (see Fig: 44). by 
SBSrpolyacrykimde gel eiec^ sole sigmficaM 

difference between the antibody. phycobilm^ and 
thexohtrpl phycbbilisPme sample was the presence of a poly- 
peptide of 50,000 daltpns in the foniier sample, representing 
the heavy chain of y-g^bulin. The light chain was not detected 
and may have c6*decb^6ph6fi§sed w^ 5 (see Fig. 3ji 

The significant obseryatibh Cjolpriess polypeptides 

present in rmtive vpfiycbbilisp were, also present in the 
antibody •phycobilisome complex (Fig. 4J5). 

In another experimerit, phycobilisomes were prepared un- 
der conditions in which they were slowly di m 
N£L-K-P()4, pH 7.0^ density gradien ts of such prepay 

rations disi>layed a blue smear of material throughout the 
upper two-thirds of the jp-adient. Wfo gradients were 

fractionated tlu:oughout th^^ the frac- 

tipiis were examined by SDS-polyacrylamide gel electropho^ 
resiSf the: colorless cbnipdnents appeared in ail pigmented 
fractions, and the relativ(B iiitehsity of each colorless compp- 
nent band relative to that 5>f thte other bands on the gel 
remained roughly constant. 

VUrastmciure pf PkycdbUisomeS'-FrepsiT^^ of purified 
phycobilisQmes^ jexamitied ;aller deppsition upon the micrp> 
scppe grids- in 0.75 M Na-K-F^4 biilEer at pH 8.0, invariably 
'apfiieared as in Fig. (riefBtt^^ ahd.in Fig. 5B 

(rptary-shadowed) . Just one type of structural element is seeri, 
a disc 11.0 nm in diameter showing a midplane bifurcation 
when it iappears 'edger6n\ The discs are most fi^equently arr 
ranged in coaxial stacks tp^^^fo rod-like assernblies. The rods; 
in: turn, are frequently arrayedf in clusters. The axes of the, 
rods are rarely found in parallel aggregatioh, as Would restdt 
ih>m:fprce£^ of surface teMipn ditring dirying; indeed, they are: 
seen at ail. angles to each other, including 90® G. We ' believe 
that Fig. 5A represents fohns assumed by the phycobilisome 
material in the purified preparatioiis; importantly, they alsb 
have the same general appearance as dp the short stacks/ 
observed earlier in crude cell extracts oi Synechococcus sp. 
6301 (26). 

The appearance of phycobilisomes, as seen in Fig. 5, 'A and 
By shows more pplydispersity than is suggested by the degree; 
of compactness of the band formed during sedimentation 
through linear sucrose; gradients. It is probable that Some, 
breakdown of the clusters ociciirs during, preparation fbr elep- 
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FiGi 5. Electron microgp-aphs of preparations of phycobUisomes. 
i4, purified phy<»bUisomes^M : to 40 /xg/ml in 0.75 M Na-K-P04. 
pH 8 6i negatively stained EMscs about llo nm acrosa are seen 
stacked to form short rods that are, frequently cJiistered in random 
priehtatioh. same sort of pireparaUo as shdwn ui A, but -contrasted 
by rotary shadowing. C. starting material identical with thait of B; but 

taron microscopy wherein the adsorbed phycdbilisomes, just 
prior to hegjaitive stainingv-are rinsed in an ammohium acetate 
Solution at only 0.01 m, In. a trial experiment (not detailed 
here), we found that only 30 s a^^ extensive dilution into 6.02 
M Na-K-P04, pH d.O/ia phycobiiisbme-prepara^^ 
clusters. Incprporadon of glutaraidehyde, at 1% v/v, into the 
0,75 M Na-K-P04,;pH 8 dilution had no 
effect oil specimen appearahce. 



15 min after dilution into 0.1 M sodium acetat^i pH 5.5^ Clusters have 
mostly disappeared, with single discs : 4nd rod-like stacks of discs 
remaining; A phycobUispmes 6 h- after diluiiori into 6.1 M sodium. 
acetatevpH 5^5, hega^veiy stained: iSingle discs: predominate; /along, 
yath spme' short sia pldiscs. Bars drawn on micrographs t^pi^ 

The dependence of energy transfei- upon the existence of 
clustiers was investigated. It had been found that the fluories- 
cence emission properties of phycobilisomes are drastically 
affected by dUution into 0;l M sodium; acetate; pH 5.5, while 
the (Circular dichirbisni knd absorptidn S]pectra are virtually 
unaffected (contrast Fig. 6 with Fig. 6, insets A and B), 
Phycqbili^pmes were diluted into O.I M scndium acetate, pH 
b.by to a fuial conc^ntr£[tion of 40 ^/nll. After 15 min at roohfi 
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Fig. 6. Circular dichroism spectra of intact and partially disso- 
ciated phycobilisonies. Phycobilisome samples were diluted to an 
absorbance of ~1 at 620 nm either by dilution with 0.75 M Na-K-PO^, 

pH 8.0 ( ), or by passage through a column of Sephadex G-25 

equilibrated and eluted with 0.1 m sodium acetate at pH 5.5 ( ). 

The sample in acetate buffer was allowed to dissociate for h prior 
to determination of the circular dichroism spectrum. Inset A, absorp- 
tion spectra of the samples used for the CD measurements, taken 
immediately after determination of the CD spectra. Inset B, corrected 
fluorescence emission spectra of solutions of phycobilisomes (14 /ig of 

protein/ml) in 0.75 M Na-K-P04, pH 8.0 ( ), and 0.1 m sodium 

acetate, pH 5.5, incubated at room temperature for 15 min prior to 
analysis (••••). Excitation was at 580 nm, and excitation and emission 
slits were set at a 4 nm bandpass. 

temperature, the diluted solution was examined by fluorime- 
try and electron microscopy. The fluorescence emission max- 
imum shifted from 673 to 652 nm, indicating virtual absence 
of energy transfer to allophycocyanin and allophycocyanin B 
(see Fig. 6, inset B), Electron microscopy of the sample 
showed that even this brief exposure to a buffer at low ionic 
strength and a pH of 5.5 caused dissociation of the clusters 
into rods and discs (compare Fig. 5, B and C). Although 
prolonged residence, 6 h, of the phycobilisomes in this buffer 
caused the complete dissociation of rods into discs (Fig. 5/)), 
no further change occurred in the fluorescence emission spec- 
tra. Thus, we conclude that the preservation of the clusters is 
essential for retention of energy transfer through allophyco- 
cyanin and allophycocyanin B. 

Spectroscopic Properties of Phycobilisomes— Fhyco- 
bilisomes isolated from sucrose step gradients exhibited an 
absorption maximum at 624 nm (Fig. 2). The Amax was inde- 
pendent of protein concentration over the range of 1.7 to 0.14 
mg/ml in 0.75 M Na-K-P04, pH 8.0. When light of 580 nm, 
absorbed mainly by phycocyanin, was used to excite phyco- 
bilisomes, the fluorescence emission maximum was at 673 nm 
(Fig. 7). Comparison of the emission spectrum with those 
obtained from pure allophycocyanin and allophycocyanin B 

(11) showed that the emission peak was broader than that 
obtained from allophycocyanin B alone and slightly blue- 
shifted, indicating contributions from both allophycocyanin 
(fluorescence emission maximum at 660 nm) and allophyco- 
cyanin B. A similar observation was reported by Searle et al. 

(12) for the fluorescence emission spectrum of Porphyridium 
cruentum phycobilisomes. 

Earlier studies of the pH dependence of the aggregation of 
Synechococcus sp. 6301 C-phycocyanin demonstrated that the 
protein existed primarily as the hexamer, {afihy at pH 5.0 to 
6.0 and r/2 of -0.1, whereas at pH 8.0, a monomer-trimer 
equilibrium predominated (13, 15, 27). Prolonged exposure 
(-6 h) of phycobilisomes, at a protein concentration of 0.14 




Wavelength (nm) 

Fig. 7. Corrected fluorescence emission spectra of solutions of 
phycobilisomes (14 fig/m\) determined immediately after dilution into 

0.75 M Na-K-P04, pH 8.0 ( ), or dUution into distilled water (to 

give a buffer concentration of 0.004 M Na-K-PO^) with 15 min of 
incubation at room temperature prior to analysis (>•'•)• Excitation 
was at 580 nm, and excitation and emission slits were set at a 3.2 nm 
bandpass. 

mg/ml, to 0.1 M sodium acetate at pH 5.5 led to a near 
complete dissociation of these structures to small aggregates, 
most of them disc-shaped (Fig. 5Z)). The absorption spectrum 
was little perturbed by this treatment, a small shift in Amax 
from 624 to 623 nm was observed (Fig. 6, inset A). The long 
wavelength positive CD band in the circular dichroism spec- 
trum was unaltered (Fig. 6), This band, centered at 633 nm, 
was earlier shown to be characteristic of the hexameric aggre- 
gate of C-phycocyanin (15). Since the position and magnitude 
neither of this band nor of the absorption band are signifi- 
cantly altered upon dissociation of phycobihsomes at pH 5.5, 
it can be concluded that the spectroscopic properties of phy- 
cocyanin in phycobilisomes are very similar to those of phy- 
cocyanin in the (a/?)^ assembly form. The spectroscopic prop- 
erties of phycocyanin are, therefore, primarily the conse- 
quence of interactions between phycocyanin subunits within 
the hexamer (15) and are little affected by the interaction of 
phycocyanin with other proteins within the phycobilisome. 

When phycobilisomes were dissociated in 0.06 M Na-K-P04, 
pH 8.0, the amplitude of the positive Cotton effect in the CD 
spectrum decreased by about 30% and a shoulder appeared 
on the short wavelength side of the peak. These changes are 
diagnostic of the trimer and monomer forms of C-phycocyanin 
(15). The fluorescence emission maximum under these con- 
ditions shifts to 650 nm, and the relative fluorescence is much 
lower than that of undissociated phycobilisomes (Fig. 7, com- 
pare with Fig. 6, inset B), These changes are consistent with 
the dissociation of phycocyanin into trimers and monomers, 
which have significantly lower extinction coefficients than the 
hexamer (15). 

Partial Tryptic Digestion of Phycobilisomes— A short ex- 
posure (15 min at room temperature) of phycobilisomes in 
0.75 M Na-K-P04, pH 8.0, to trypsin at an enzyme/substrate 
ratio of 1:100 by weight resulted in the complete disappearance 
of polypeptides 1 and 2 on SDS-polyacrylamide gels and a 
small shift in the fluorescence emission maximum from 673 to 
669 nm. Absorption and circular dichroism spectra were un- 
changed. It is not known whether the cleaved polypeptides 1 
and 2 are still bound to phycobilisomes or not. Electron 
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microscopy indicated that the short trypsin treatment did not 
lead to dissociation of the clusters. 

DISCUSSION 

Gantt and Lipschultz (4) have developed a procedure for 
the purification of phycobihsomes from the unicellular red 
alga P. cruentum. Phycobilisomes from this organism are 
prepared in 0.75 m Sorensen's phosphate buffer at pH 7.0 
containing 1% Triton X-100. Under these conditions, the bulk 
of the phycobiliproteins migrate as a single rapidly sediment- 
ing band on sucrose step gradients (4). Phycobilisomes pre- 
pared in this manner were reported to exhibit a fluorescence 
emission maximum at 672 nm when excited at 560 nm (12). 
When the above procedure was applied to the isolation of 
phycobilisomes from Synechococus sp. 6301, stable phycobili- 
somes were not obtained. Sucrose density gradients showed a 
marked heterogeneity in the size of the pigmented aggregates, 
and the fluorescence emission maximum of the largest aggre- 
gates lay at -650 nm. 

The following approach was adopted to the development of 
a rational procedure for the preparation of Synechococcus sp. 
phycobilisomes. The unicellular red alga Porphyridium aeru- 
gineum possesses the same complement of phycobiliproteins 
as Synechococcus sp. 6301, t.e. C-phycocyanin, allophycocy- 
anin, and allophycocyanin B, In preliminary experiments, we 
found that in contrast to the results obtained with Synecho- 
coccus sp. 6301, relatively stable phycobilisomes from P. aeru- 
gineum could be obtained by the procedure for P, cruentum 
phycobilisomes cited above. The stability of the P. aerugi- 
neum phycobilisomes was then studied as a function of ionic 
strength, type of salt used, and pH. These exploratory exper- 
iments demonstrated that P. aerugineum phycobilisomes 
showed optimum long term stability, as determined from the 
preservation of energy transfer, between pH 7.5 and 9.0, at 
ionic strengths equivalent to or higher than that of 0.75 M Na- 
K-PO4, pH 8.0. These phycobilisomes were much less stable 
at pH 7.0. A procedure based on these observations was 
developed for the preparation of Synechococcus sp. phyco- 
bilisomes. This procedure leads to little if any dissociation of 
phycobilisomes and results in particles with a fluorescence 
emission maximum at 673 nm. 

CeU breakage and the initial differential centrifugation (see 
"Methods") are carried out in 0.65 m Na-K-P04, pH 8.0. Use 
of buffers of higher salt concentration resulted in a loss of 
large amounts of phycobiliproteins in the pellet. The sucrose 
step gradients were 0.75 m in Na-K-P04. pH 8.0, and the 
phycobilisomes isolated from these gradients were stable for 
several weeks when stored at 4*^0. The choice of the propor- 
tion of the counter ions, Na"^ and K*, was dictated primarily 
by the solubility of the mono- and dibasic salts at 0.75 M and 
pH 8.0. 

In an attempt to avoid the high buffering and chelating 
properties of Na-K-P04, 0.8 M sodium sulfate in 0.05 M Tris- 
Cl at pH 8.0 was examined. This mixture permitted isolation 
of phycobilisomes equivalent in stability to those prepared in 
the phosphate buffer, as judged by fluorimetry and electron 
microscopy. The crystallization of sodium sulfate at low tem- 
peratures was a disadvantage in the use of this salt. 

Phycobilisome isolations were carried out both at 4*" and at 
18^C. The clusters appeared to be slightly better preserved in 
the preparations obtained at 18°C. but the difference was 
minor. The major advantage of the 18''C procedure was the 
removal of a large amount of chlorophyll-containing material 
in the 31,000 x g differential centrifugation step. As shown in 
Fig. 1, the 680 nm absorbance decreased by about 90% after 
centrifugation at 18**C. At the higher temperature, a mem- 
brane/detergent fraction was observed which floated on top 



of the aqueous solution containing the phycobilisomes. At 
4**C, the chlorophyll-containing material was completely dis- 
persed in the 0.65 m Na-K-P04, pH 8.0. A major advantage of 
the partitioning prior to the sucrose gradient centrifugation 
was that a higher load of cell extract could be applied to the 
gradient without problems due to membrane aggregates 
spreading through the gradient during centrifugation. 

The conditions of optimal stability for Synechococcus sp. 
6301 phycobilisomes (pH 7.5 to 9.0, and a very high ionic 
strength) are consistent with a number of observations made 
by other investigators on the physiology of this organism. 
Masamoto and Nishimura (28) and Falkner et aL (29) esti- 
mated the cytoplasmic pH of cells incubated in the light to be 
8.5 and 7.5, respectively. Utkilen et aL (30) and Jeanjean and 
Broda (31) found that the optimum pH for sulfate uptake by 
whole cells lay in the range of 8.0 to 8.5. An interesting study 
by Herzfeld and Zillig (32) on the in vitro reassembly of 
dissociated RNA polymerase subunits from this organism 
revealed an optimum pH of 8.0 to 8,5 and a high ionic strength 
requirement. At least 0.4 m KCl was required for reassembly 
as contrasted to 0.15 to 0.3 M KCl for the reactivation of the 
E. coli enzyme. 

Tandeau de Marsac and Cohen-Bazire (8) demonstrated 
the presence of several colorless polypeptides in cyanobacte- 
rial phycobilisomes. These components were grouped into 
three molecular weight categories: Mr = 70 to 120,000 (I), 30 
to 70,000 (II), and 25 to 30,000 (III). When cells were broken 
in low ionic strength buffers and the phycobilisomes were 
dissociated, Group I polypeptides were shown to partition 
with the membrane fraction on differential centrifugation, 
whereas polypeptides of Groups II and IH, as well as the 
phycobiliproteins were all present in the soluble fraction (8). 
Further evidence that colorless polypeptides were integral 
components of phycobilisomes was provided principally by 
studies of the effect of "chromatic adaptation" on the struc- 
ture of these particles. In certain cyanobacteria, the synthesis 
of phycoerythrin and phycocyanin is regulated by the wave- 
length of the incident radiation (33, 34). In green Ught, such 
organisms suppress the synthesis of phycocyanin, whereas in 
red light, phycoerythrin is not made. Tandeau de Marsac and 
Cohen-Bazire (8) described the striking finding that in phy- 
cobilisomes isolated from cells grown in red light, drastic 
decrease in phycoerythrin content was paralleled by decrease 
in certain of the Group II colorless polypeptides. Likewise, in 
phycobilisomes from cells grown in green light, the decrease 
in phycocyanin content was associated with a decrease in the 
others of the Group II colorless polypeptides. 

The above findings were challenged by Gantt (2) and by 
Morschel et aL (5), who failed to detect colorless polypeptides 
in the phycobilisomes of the red algae P. cruentum and 
Rhodella violacea (35) and in those of the filamentous cyano- 
bacterium Nostoc sp. (36). 

Our experiments, discussed in detail under "Results," estab- 
lish that colorless polypeptides are indeed components of 
Synechococcus sp. 6301 phycobilisomes. We have also exam- 
ined the phycobilisomes of three other cyanobacteria. Ana- 
baena sp. 6411, Aphanocapsa sp. 6701, and Synechococcus 
sp. 6312, as well as of two unicellular red algae P. cruentum 
and P. aerugineum. In each instance, the presence of colorless 
polypeptides could be readily demonstrated.^ The failure of 
Gantt and co-workers (7, 36), and of KoUer et aL (35) to detect 
these components appears to be due to the nature and low 
resolving power of the polyacrylamide gel electrophoresis 
systems that these workers had chosen to examine the com- 
position of dissociated phycobilisomes. 

''J. Gingrich, 0. Yamanaka, and A. N. Glazer, unpublished obser- 
vations. 
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As shown in Fig, 5A, the phycobilisomes of Synechococcus 
sp. 6301 are clusters of rods which frequently come together 
at right angles. Side-by-side association of the rods was rarely 
seen. These phycobilisomes have a much more open structure 
than the compact phycobilisome particles derived from the 
phycoerythrin-containing organisms, P. cruentum (4), R. via- 
lacea (5), and Nostoc (36). Our study provides clear evidence 
of association between the presence of the cluster structure 
and energy transfer, as illustrated by the dissociation study at 
pH 6.5 (presented in Fig. 5, and C and Fig. 6, inset B). 

The information on the spatial arrangement of the majority 
of the components of the phycobilisome has yet to be ob- 
tained. The rods bear a striking resemblance to short stacks 
of phycocyanin previously seen in crude cell extracts of Sy- 
nechococcus sp. 6301 (26). Since phycocyanin represents 75% 
of the protein in the phycobilisome, it is plausible to assume 
that the rods are made up of stacks of disc-shaped phycocy- 
anin hexamers (1 to 5 hexamers high). They may contain 
other components as well. 

The spectroscopic data on intact phycobilisomes supports 
the view that phycocyanin is present in the {aP)^ form in 
these particles. The similarity between the circular dichroism 
spectrum of intact phycobilisomes and of hexameric phyco- 
cyanin (15) is very close. Phycocyanin accounts for about 90% 
of the absorbance of phycobilisomes in the region of interest. 
It is noteworthy that dissociation of phycobilisomes, under 
conditions where phycocyanin hexamers are stable, does not 
affect the circular dichroism or the absorption spectrum of 
the sample. We can conclude that no new strong interactions 
involving phycocyanin bilin chromophores arise as a conse- 
quence of assembly into phycobilisomes. 

Limited treatment of intact phycobilisomes with trypsin 
leads to rapid cleavage of polypeptides 1 and 2 (Fig. 3), with 
little change in the ultrastructure or fluorescence emission 
properties of these particles. As discussed above, Tandeau de 
Marsac and Cohen-Bazire (8) concluded that polypeptides in 
this molecular weight range were involved in the attachment 
of phycobilisomes to the photosynthetic lamellae. The ex- 
posed location of these polypeptides indicated by their high 
susceptibility to trjrptic degradation is consistent with this 
view. 
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